This paper examines the assembly process for flip chip die with SnAgCu solder bumps and the results of liquid-to-liquid thermal shock testing. The SnAgCu alloy required a thicker dip layer of flux to achieve good wetting compared to the SnPb eutectic alloy. A liquid, spray flux yielded more consistent solder wetting with the SnAgCu alloy. With both fluxes, a nitrogen reflow atmosphere was necessary with the SnAgCu alloy. A peak reflow temperature of The degree of delamination with the SnAgCu alloy was significantly higher than with the SnPb alloy. Cracks in the underfill between adjacent solder balls were observed. The SnPb alloy extruded into these cracks more readily than the SnAgCu and created electrical shorts.
Introduction
The elimination of lead in electronics assembly has been discussed since 1990. Initially, the driving force was a proposed legislative ban in the U.S. At the time, no solder alloy replacements were identified and the legislation was dropped under strong pressure from the electronics industry. However, increasing restrictions on hazardous materials in landfills, recycling requirements and manufacturer responsibility for products from 'cradle-to-grave' have kept the topic of lead in the mind of manufacturer's. Today, with proposed legislation in Europe and global competitive market pressures, particularly in Japan, the elimination of lead in many, if not all, electronic products appears imminent. The successful introduction of electronic products assembled with lead-free solders belies the arguments that it can not be done. However, just because some assembly types and reliability requirements can be satisfied with lead free solder, does not translate to all products and all reliability requirements. Much work remains to be done.
One of the first challenges to the industry was the selection of a replacement solder alloy. The National Center for Manufacturing Sciences (NCMS) concluded in 1997, after a major fouryear research effort that there were no 'drop-in' replacements for eutectic SnPb [1] . The International Tin Research Institute (ITRI) [2] and the National Electronics Manufacturing Initiative [3] are both recommending the SnAgCu eutectic (or near eutectic) alloy for reflow solder applications. Momentum does appear to be building for this alloy selection. The SnAgCu eutectic has a melting point of ~217 o C, significantly higher than eutectic SnPb (m.p. 183 o C). This will require higher peak reflow temperatures that may in turn impact fluxes and flux residue. For flip chip applications, the interaction between the underfill and the flux residue may degrade thermal cycle and thermal shock reliability. The higher Young's modulus of the SnAgCu alloy (46 GPa versus 33 GPa for eutectic SnPb) will also alter the stress distribution on the assembly, potentially impacting reliability and failure mechanisms. This work examines the assembly process for flip chip die with SnAgCu alloy bumps and thermal shock testing. Die with eutectic SnPb solder were used for controls in the experiments.
Assembly Study
A PB8 2x2 test vehicle was used to develop the assembly process. The PB8 die is 5.1mm x 5.1mm with solder bumps on a 204µm pitch. Die with eutectic SnPb and Sn/3.5Ag/0.7Cu solder balls were used. The bumps are nominally bump height and diameter for the SnPb eutectic die was 112µm and 111 µm. The Sn/3.5Ag/0.7Cu bumps were nominally 113µm high and 125 µm in diameter. The test board was a four-layer construction with ten die sites. The design has a trench in the solder mask to define the solderable pads for flip chip attachment. The exposed pad area was designed to be 100µm wide (copper width) and 193µm long (solder mask opening) (Figure 1 ). The board surface finish was electroless nickel/immersion gold. Two commercial fluxes were used in the assembly evaluation, a tacky, no-clean flux and a low residue, low viscosity no-clean flux. The tacky flux was applied using the rotating flux dipping station on the Siemens F5 pick and place system. The depth of the flux film on the rotating drum and the dip time controlled the tacky flux volume transferred to the solder bumps. With the dip time held constant, the flux depth was varied in the assembly experiments from 35µm to 65µm to study the role of tacky flux volume on assembly yield. For the eutectic SnPb solder bumps, a flux depth of 35µm was used.
The low residue, low viscosity flux was jetted onto the board prior to die placement. The low residue flux was applied using an automated Asymtek jetting system. Varying the time per jetting controlled the flux volume. All die were placed with the Siemens F5.
The effect of peak reflow profile temperature on assembly yield was investigated. After reflow, the assembly was electrically tested. All test cells reflowed in nitrogen had 100% electrical yield. Samples were mounted and cross-sectioned. With a flux depth of 35µm, the solder wets the top of the PWB pad and there is evidence of some wetting of the pad sidewalls. Increasing the flux depth to 65µm, yielded good wetting to most pads at peak reflow temperatures of 245 o C and 255 o C. However, some random pads still did not completely wet ( Figure 3 ). It appears that a minimum flux depth is required and with the variation in ball heights, some solder balls did not receive sufficient flux even with a 65µm flux depth. Nominal solder ball height varies by +5% and the highest three bumps define the contact plane when dipping into the flux. Jetting or printing of flux onto the printed wiring board would eliminate flux volume variations due to ball height variation.
For comparison, the required flux dip depth with eutectic SnPb solder bumps is only 25µm. The need for a thicker flux layer with the SnAgCu alloy is consistent with subsequent work by Tonapi [5] . While the SnAgCu solder balls were slightly larger than the SnPb solder balls, the increased flux requirement with SnAgCu is thought to be mainly due to the dissipation of the flux at the higher reflow temperatures. The degree of wetting was worse for all flux depths when reflowed with a peak of As with the dip flux, flux volume was critical with the SnAgCu solder alloy. Figure 7 compares the solder wetting for two flux jetting times, which correlate to flux volume. The flux was jetted from a height of 3.8cm above the board and four shots (one per corner of the die site) were used per die. The electrical yield was poor with both the tacky, no-clean dip flux (65µm depth) and the low residue, low viscosity flux (Figure 7 ) with the SnAgCu solder alloy reflowed at 245 o C in air. Thus, with the two fluxes chosen, nitrogen reflow is required with the SnAgCu solder alloy. This is consistent with results published by Baynham [6, 7] and the earlier conclusion that the flux dissipates at the higher reflow temperatures used with the SnAgCu alloy. 
Assembly for Thermal Shock Testing
For thermal shock testing, the test vehicles were fabricated using the low residue, low viscosity flux and the tacky, no clean dip flux (35µm for SnPb and 65µm for SnAgCu). The reflow profile peak temperature was 246 o C for the SnAgCu alloy with both fluxes (Figure 8) . A 220 o C profile was used for the eutectic SnPb alloy and the two fluxes. The reflow was in a nitrogen atmosphere (<25ppm O 2 ) for all assemblies.
After reflow assembly, the die were underfilled with Loctite 3563, a fast flow, snap cure underfill. The die were underfilled using a Camalot 3700 dispense system. The substrate temperature was 95 o C. After dispensing, the underfill was cured in a conveyor oven with a peak temperature of 165 o C for 5 minutes. A Sonix scanning acoustic microscope was used in C-mode to inspect the underfill (Figure 9 ). No voids were observed. After the 4700 thermal shock cycles, the test vehicles were removed for failure analysis. Figure 11 compares the C-SAM images for the different flux and solder alloy combinations. There is little delamination with the SnPb solder (slightly more with the low residue, spray flux compared to the dip flux). However, there is significant delamination with the SnAgCu alloy. The higher modulus of the SnAgCu solder alloy compared to the SnPb results in higher stress levels in the underfill during thermal cycling. This higher level of stress leads to earlier and more severe delamination as seen in Figure 11 . The increased flux volume used with the SnAgCu alloy leaves an increased volume of flux residue, which could also contribute to the delamination. Earlier delamination will also result in earlier failure of the solder joints as seen in Figure 10 . C for the solder alloys. Thus, on the cold side of the thermal shock cycle the underfill tries to contract more than the solder ball placing the underfill in tensile stress. With cycling, the underfill can delaminate (adhesion loss) or crack (cohesive failure). The initial shear strength (adhesion) of the underfill-to-silicon nitride passivation is greater than 63MPa as measured using the technique developed by Rosson [8] .
The modulus of elasticity of the solder alloy will impact the stress on the underfill. As noted previously, the higher modulus of the SnAgCu solder alloy compared to the SnPb results in higher stress levels in the underfill during thermal cycling. With the SnAgCu alloy there was underfill cracking and significant delamination with both fluxes. With the SnPb solder there was underfill cracking between solder balls, but little delamination (only localized spots) with both fluxes. To evaluate the shorting phenomena, a new test vehicle was designed. The routing pattern of the new board created two independent daisy chains for each test die. Shorts between the two daisy chains could be monitored. The observability provided by this design was 50%. For any solder ball, the adjacent solder ball was either part of the other daisy chain (observable short) or part of the same daisy chain (non-observable short). A finger design was used for the new board (Figure 17) . The pad was designed with a width of 100µm and a length of 228µm. The new, finger design test boards with electroless Ni/immersion Au finish were assembled for the second thermal shock test using the same assembly process previously described. Original trench design boards with an OSP coating were also assembled and tested. Only the tacky, no clean dip flux was used in this experiment. No solder wetting issues were observed with the OSP coating. The test vehicles (one board/10 die per condition) were liquid-toliquid thermal shock tested from -40 o C to +125 o C and continuously monitored for opens and shorts (finger design only). The results are plotted in Figure 18 . Four observations can be made: 1) the finger design boards failed earlier than the trench design boards, 2) the SnAgCu alloy failed earlier than the SnPb alloy, 3) the SnPb exhibited failure by shorts slightly before open failures with the finger design, and 4) the difference between SnAgCu and SnPb was greater with the finger design.
C-SAM analysis of the parts after thermal shock cycling was consistent with the previous test results -significantly more delamination with the SnAgCu solder alloy. X-ray analysis was used to inspect for solder extrusion and shorting. Figure 19 is an X-ray image of the SnPb/finger design after 2500 thermal shock cycles. Shorting is evident. A cross section and a flat section of a short after 2500 thermal shock cycles are shown in Figure 20 . From the failure analysis, the cracks are planar in the vertical plane extending between adjacent solder balls and between the die and the PWB. With the trench board design, shorts could not be electrically monitored. X-ray images (Figure 21 ) after 2500 thermal shock cycles showed solder extrusion between SnPb solder balls indicating underfill cracks, but no complete shorts. After 3000 cycles shorts between SnPb solder balls were evident by X-ray (Figure 22 ). In this test, no shorts were observed with the SnAgCu alloy, however, cracking of the underfill was evident after 1900 thermal shock cycles (Figure 23 ). The SnAgCu alloy has a higher modulus than the SnPb alloy. Thus it will not extrude as readily into cracks and delamination regions. However, as observed in the first thermal shock test, the SnAgCu alloy will ultimately extrude if subjected to enough thermal shock cycles.
A new underfill with increased fracture toughness has been developed to address the cracking phenomena between adjacent solder balls. In thermal liquid-to-liquid shock tests from - The difference in the reliability between the two board designs is likely related to the difference in the solder joint geometry. Figure 24 shows the shape of the solder joints resulting from the trench design, while Figure 25 shows the results for the finger design. Figures 24 and 25 compare actual solder joints for trench and finger designs with results from Surface Evolver models for the two designs. The solder joint in the trench design is more uniform. The finger design results in a distorted solder geometry and less gap height. The lower gap height of the finger design could account for some of the reliability difference. Changes in the shape of the solder joint can also alter the stress levels within the solder joint when thermal cycled. 
Summary
With the tacky, no clean dip flux and the low residue, low viscosity flux studied, more flux is required with the SnAgCu solder alloy compared to the SnPb eutectic. Some random, incomplete solder joint wetting still occurred with a flux dip depth of 65µm. It is believed that the variation in ball height (due to the bumping process) is responsible for these few poorer wetting solder joints. No failures in thermal shock testing were attributed to poorer wetting solder joints with the tacky, no clean dip flux. With flux jetting the variation in solder ball height was not an issue -all pads received the same amount of flux.. Nitrogen reflow was required with both fluxes when used with the SnAgCu alloy. While the low residue, low viscosity flux produced more consistent solder wetting, the thermal shock reliability was slightly lower with the SnAgCu alloy.
The flip chip die with SnAgCu solder bumps fail slightly earlier in thermal shock cycling and exhibit more underfill delamination than die with SnPb eutectic bumps. Underfill cracking was observed with both alloys, but extrusion and shorting occurred quicker with the SnPb alloy due to its lower modulus. The finger design board was observed to be less reliable with both alloys.
SnAgCu solder bumps can be used for lead free assembly of flip chip die with increased flux quantity, nitrogen atmosphere and higher reflow temperatures. The thermal shock reliability is slightly reduced compared to the SnPb solder alloy. For fine pitch applications, solder shorting as well as opens should be monitored during thermal shock testing, particularly with SnPb eutectic solder.
